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NUMERICAL MODELLING OF LASER RAPID PROTOTYPING




$%675$&7$ ILQLWHHOHPHQWPRGHOKDVEHHQGHYHORSHG WR VLPXODWHDQ LQQRYDWLYH ODVHU UDSLGSURWRW\SLQJSURFHVV
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SURFHVV LQMHFWLRQ KHDWLQJ SKDVH FKDQJH DQG GHSRVLW 7KH QXPHULFDO PRGHO DOVR WDNHV LQWR DFFRXQW GLIIHUHQW







7KH ODVHU UDSLG SURWRW\SLQJ SURFHVV E\ IXVLRQ ZLUH
GHSRVLW LV D VROLG IUHHIRUP IDEULFDWLRQ PHWKRG  7KLV
SURFHVVXVHVDGGLWLYHSDUWIURPWKHZLUH7KHVXFFHVVLYH
IXVLRQ ZLUH GHSRVLW ZLOO DOORZ EXLOGLQJ SURGXFW ZLWK
FRPSOH[JHRPHWULHV7KLVUDSLGSURWRW\SLQJSURFHVVLVD
QHZFRQFHSW WRFUHDWHPHWDOSURWRW\SHV7KH LQQRYDWLRQ
FRPHV IURP WKH GHSRVLWLRQ RI D ZLUH PHOWHG E\ ODVHU
GXULQJ WKH LQMHFWLRQ RI WKH PHWDO ZLUH 7KLV UDSLG
SURWRW\SLQJ HQDEOHV WR FUHDWH PRUH FRPSOH[ SURGXFWV
WKDQWKHRQHVFUDWHGE\PHWDOSRZGHUUDSLGSURWRW\SLQJ
7KH ODVHU UDSLG SURWRW\SLQJ E\ IXVLRQ ZLUH GHSRVLW DV
VKRZQLQ)LJXUHLVFRPSRVHGRI &2ODVHUZKLFKLVFKDUDFWHULVHGE\GRXJKQXWPRGH VHYHUDOPLUURUVWRIRFXVWKHODVHURQWKHPHWDOZLUH VXEVWUDWHZKLFKPRYHVRQDOOGLUHFWLRQV LQMHFWLRQWRROWRDGGWKHPHWDOZLUH
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Figure 1: Schematic of laser rapid prototyping 
7KHSURFHVVWDNHVSODFHDVIROORZV)LUVWWKHVROLGPHWDO
ZLUH LV LQMHFWHG FRQWLQXRXVO\ 7KH ZLUH LV KHDWHG DQG
PHOWHG GXULQJ ODVHU LQWHUDFWLRQ 7KH PHOWHG PDWHULDO LV
WKHQ ODLG RQ WKH VXEVWUDWH )LQDOO\ WKHPDWHULDO DGKHUHV
DQGVROLGLILHVRQWKHVXEVWUDWHE\FRROLQJ
'LIIHUHQW SKHQRPHQD DUH REVHUYHG GXULQJ WKH SURFHVV
WKHUPDOPHFKDQLFDOPHWDOOXUJLFDODQGRSWLFDOHIIHFWV
1XPHULFDOGHYHORSPHQWVKDYHEHHQFDUULHGRXW LQRUGHU
WR VLPXODWH GLIIHUHQW VWDJHV DQG SKHQRPHQD RI WKH
SURFHVV WKH\ DUH LQWHJUDWHGRQ WKHUPRPHFKDQLFDO ILQLWH
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LV PRGHOOHG E\ D UKHRORJ\ WUDQVLWLRQ LQ WKH QXPHULFDO
PRGHODVSUHVHQWHGLQ)LJXUH
7KH FRQVWLWXWLYH ODZ FKDQJHV JUDGXDOO\ IURP HODVWLF








ZKHUH . LV WKH YLVFRSODVWLF FRQVLVWHQF\ ε  LV WKH












)RU WKH OLTXLG VWDWH D 1HZWRQLDQ EHKDYLRXU LV
FRQVLGHUHG
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
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7R DYRLG DQ LPSRUWDQW FRPSXWDWLRQ WLPH DQG FRVW LQ
PHPRU\ WKH LQSXW RI WKH ZLUH LV PRGHOOHG E\ D
FRQWLQXRXVLQIORZRIPDWHULDO
7KH LQMHFWLRQ LV GRQH RQ D VHFWLRQ RI WKH ZLUH %RWK
H[SHULPHQWDOO\ DQG QXPHULFDOO\ WKH LQMHFWLRQ FRQGLWLRQ
LV ORFDWHG IDU HQRXJK IURP WKH SKDVH FKDQJH DQG WKH
FULWLFDOKHDWLQJHIIHFW7KHYROXPHRIWKHSDUWLQFUHDVHV
EXW GXULQJ FDOFXODWLRQ DW DQ\ WLPH VWHS WKH YROXPH LV
NHSW FRQVWDQW WR FRPSO\ ZLWK WKH K\SRWKHVLV RI
LQFRPSUHVVLELOLW\>@
,Q ODJUDQJLDQ IRUPXODWLRQ WKH SRLQW FRRUGLQDWHV [ RI
PHVKDUHPRYHGZLWKHXOHULDQDFWXDOLVDWLRQ
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
$YHORFLW\YDOXHLVSUHVFULEHGIRUDOOSRLQWVRIWKHVHFWLRQ
ZKHUH WKH ZLUH LV LQMHFWHG WKLV YDOXH RI VSHHG LV D
SURFHVVSDUDPHWHU7KHGLVSODFHPHQWLVWKHQWKHVDPHIRU
WKH SRLQWV ORFDOLVHG EHIRUH WKH VHFWLRQ )RU HDFK WLPH
VWHS DOO SRLQWV ORFDWLRQV DUH DFWXDOLVHG ZLWK WKH
FDOFXODWHG YHORFLW\ H[FHSW IRU SRLQWV ORFDWHG RQ WKH
LQMHFWLRQVHFWLRQ
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,Q WKHUDSLGSURWRW\SLQJSURFHVV WKHZLUH LV ODLGRQ WKH
PHWDO VXEVWUDWH DW OLTXLG VWDWH 7KH HIIHFW RI VXUIDFH
WHQVLRQ DSSHDUV GXULQJ WKH OLTXLG VWDWH DQG GULYHV WKH
VKDSHRIWKHGHSRVLWRQWKHVXEVWUDWH
7KH QXPHULFDO PRGHO WDNHV LQWR DFFRXQW WKH VXUIDFH
WHQVLRQ LQ WKH ODJUDQJLDQ IRUPXODWLRQ 7KH VXUIDFH
WHQVLRQ LV D QRUPDO VWUHVV WR WKH OLTXLG VXUIDFH DQG
IROORZLQJSUHVVXUHFRQGLWLRQPXVWEHVDWLVILHG
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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$QGWKHWDQJHQWLDOJUDGLHQWLVH[SUHVVHGWRIRUPXODWHWKH
ZHDNIRUPXODWLRQRIWKHPHFKDQLFDOSUREOHP>@
( ) ( ) ( ) →→ ¸¸¹·¨¨©§ ∇⋅−∇=∇ Q[IQ[I[I  

















7KH KHDW FRQGXFWLRQ HTXDWLRQ LV FRXSOHG ZLWK WKH
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$VPHQWLRQHG IRU WKHPHFKDQLFDOPRGHO SDUDPHWHUV DV
FRQGXFWLYLW\ N DQG VSHFLILF KHDW FDSDFLW\ FS GHSHQG RQWHPSHUDWXUH
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7KH PHOWLQJ SKDVH WUDQVLWLRQ FDQ EH DSSUR[LPDWHG E\
FRQVLGHULQJWKHKHDWORVVRIPHOWLQJWKURXJKDFKDQJHLQ
WKHVSHFLILFKHDW(QWKDOS\PHWKRGLVXVHGIRUODWHQWKHDW















7KHYDSRULVDWLRQ FDQEH HVWLPDWHGE\ WKHHQHUJ\ ORVVHV
LQGXFHG E\ YDSRULVHG PDWHULDO 7KH HQHUJ\ ORVVHV E\
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7KH YDSRULVDWLRQ LV PRGHOOHG E\ KHDW ORVVHV RQ WKH
VXUIDFH LUUDGLDWHGE\ WKH ODVHU7KHPRGHOGHVFULEHV WKH
UHODWLRQ EHWZHHQ VXUIDFH WHPSHUDWXUH DQG ODWHQW KHDW RI
YDSRUL]DWLRQ>@











7KH PDWHULDOODVHU LQWHUDFWLRQ PRGHO LV OLPLWHG WR D
FRQWLQXRXV ZDYH &2 ODVHU DQG D PHWDO WDUJHW 7KRVH
OLPLWDWLRQV DUH LPSRUWDQW EHFDXVH WKH DVVRFLDWHG




7KH PDLQ FRXSOLQJ EHWZHHQ PDWHULDOODVHU PRGHO DQG
WKHUPDOPRGHOLVWKHH[SUHVVLRQRIWKHODVHUKHDWIOX[

Figure 3: laser power density with distance of focal plane 
7KH SRZHU GHQVLW\ RI WKH ODVHU EHDP LV GHVFULEHG E\ D
VSHFLILF IRUPXODWLRQ ,QGHHG WKH &2 ODVHU LV
FKDUDFWHULVHGE\WKHGRXJKQXWPRGH7KHPLUURUIRFXVHV




$W WKH IRFDO SODQH OHYHO WKH LQWHQVLW\ RI WKH ODVHU LV D
*DXVVLDQ $QG SDUDPHWHUV ZKLFK FKDUDFWHULVH WKH
LQWHQVLW\DUHWKHSRZHU3DQGWKHUDGLXVU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(TXDWLRQ  WDNHV LQWR DFFRXQW WKH GRXJKQXW PRGH 
ZKLOHWKHUDGLXVU]DWDGLVWDQFHWRIRFDOSODQHGHSHQGV
RQWKH5D\OHLJKGLVWDQFH]5






























7KH DEVRUSWLYLW\ LV DPDWHULDO SDUDPHWHU WKDW TXDQWLILHV
WKHODVHUHQHUJ\DEVRUEHGRQWKHVXUIDFHRIWKHPDWHULDO
7KH DEVRUSWLRQ FRHIILFLHQW LV QHJOHFWHG EHFDXVH RI WKH
ZHDNSHQHWUDWLRQRIWKHODVHULQVLGHWKHPHWDO,WLV WKHQ
DFFHSWDEOH WR FRQVLGHU WKDW WKH ODVHU LQWHUDFWV RQ WKH
VXUIDFH PHWDO WDUJHW RQO\ 7KH DEVRUSWLYLW\ FDQ EH
H[SUHVVHG E\ WKH %UDQVRP PRGHO >@ ZKLFK OLQNV
DEVRUSLWYLW\ 7α ZLWK UHVLVWLYLW\ 7U  DQG ODVHU
ZDYHOHQJWKλ 
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$W WKH VXEVWUDWH ODVHU LQWHUDFWLRQ OHYHO YDSRULVHG
PDWHULDO LRQL]HV WR IRUPSODVPD ,Q WKHFDVHRI LQIUDUHG
ODVHU EHDPV WKH GRPLQDQW DEVRUSWLRQ PHFKDQLVP LQ
SODVPDLVLQYHUVHEUHPVVWUDKOXQJPHFKDQLVP>@
7KHSODVPDPRGHO WDNHVLQWRDFFRXQW WKHPHFKDQLVPRI
SODVPDDEVRUSWLRQ %,α DQGWKHHIIHFWRI LUUDGLDWLRQGXH
WRWKHKLJKWHPSHUDWXUHRIWKHSODVPD
2Q WKH DUHD RI PDWHULDOODVHU LQWHUDFWLRQ ZKHQ WKH
WHPSHUDWXUH RI PHVK SRLQW H[FHHGV WKH ERLOLQJ
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7KH WHPSHUDWXUH LV PHDVXUHG E\ XVLQJ WKHUPRFRXSOHV
ORFDWHGDWPPRI WKH VXUIDFHRI WKH ODVHUKHDWHGSODWH
/DVHUSRZHUVRI:DQG:KDYHEHHQXVHG7KH
SODWH LV SODFHG DW IRFDO SODQH 7ZR OHYHOV RIPRGHOOLQJ
DUH VWXGLHG FRQVLGHULQJ WKH SUHVHQFH RU QRW RI SODVPD
GXULQJ ODVHU LPSDFW7KH ILUVW FXUYH LQ )LJXUH  VKRZV
WKHSHUWLQHQFHRI WKH WKHUPDOPRGHO FRXSOHG IRU ORZHUV
LQWHQVLWLHV $Q HYDOXDWLRQ RI DEVRUSWLYLW\ IRU
WHPSHUDWXUHV JUHDWHU WKDQ IXVLRQ WHPSHUDWXUH KDV EHHQ
QHFHVVDU\ EHFDXVH WKH OLPLWDWLRQRI WKH%UDQVRPPRGHO
 WR VROLG VWDWH )RU WKH VHFRQG FXUYH LQ )LJXUH 
SDUDPHWHUVRIWKHSODVPDPRGHOGHVFULEHGLQDQG












Figure 5: Simulation of drop formation 
7KH WKHUPRPHFKDQLFDO PRGHO FRXSOHG ZLWK PDWHULDO




$ WKHUPRPHFKDQLFDO ILQLWH HOHPHQW PRGHO KDV EHHQ
GHYHORSHG WR VLPXODWH WKH ODVHU LQQRYDWLYH UDSLG
SURWRW\SLQJ SURFHVV 7KH PHFKDQLFDO PRGHO WDNHV LQWR
DFFRXQWWKHSKDVHFKDQJHPDWHULDOLQMHFWLRQDQGVXUIDFH
WHQVLRQDWOLTXLGVWDWH7KHFRXSOLQJZLWKWKHUPDOPRGHO
WDNHV LQWR DFFRXQW IXVLRQ DQG YDSRULVDWLRQ HIIHFWV 7KH
WKHUPRPHFKDQLFDOPRGHOLVFRPSOHWHGE\FRXSOLQJZLWK
PDWHULDOODVHU LQWHUDFWLRQ 7KH ODVHU LV FRQVLGHUHG DV D
VXUIDFHKHDWVRXUFH$QGLQWHUDFWLRQHIIHFWVDUHPRGHOOHG
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FRQWLQXHG¶DFLHUV0LQHV3DULVWHFKWKHVLV
>@ +\VLQJ 6 $ QHZ LPSOLFLW VXUIDFH WHQVLRQ
LPSOHPHQWDWLRQ IRU LQWHUIDFLDO IORZV 1XPHULFDO
PHWKRGVHQJLQHHULQJ
>@ %DQVFK ( )LQLWH HOHPHQW GLVFUHWL]DWLRQ RI WKH
1DYLHU6WRNHV HTXDWLRQV ZLWK D IUHH FDSLOODU\
VXUIDFH1XPHULFDOPDWKHPDWLFV
>@ =KRX - 0RGHOOLQJ RI WUDQVSRUW SKHQRPHQD LQ
K\EULG ODVHU0,* NH\KROH ZHOGLQJ ,QWHUQDWLRQDO
-RXUQDORI+HDWDQG0DVV7UDQVIHU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